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INTRODUCTION
Current clinical practices in ovarian cancer care adopt homogenous screening and treatment algorithms reflecting a "one size fits all" approach. Increased appreciation for the vast heterogeneity in ovarian cancer creates opportunities for personalized treatment strategies. 
Limitations in detection technologies

BODY
In this first year of funding, we have completed some of the following tasks first proposed during the initial submission and are on track to realize the remaining tasks by the end of overall funding. For review, the tasks and current status are listed below: 2b. Comparison to reference standards (3 months) Recently started. 2c. Testing on all available ovarian human samples collected (6 months) Soon to be started. 2d. Statistical analyses (1-2 months) Not yet started.
The overall intent of the proposal was to utilize a previously developed novel miniaturized DMR device [ref [2] [3] [4] and adapt its use to ovarian cancer detection, differential diagnosis and treat efficacy assessment. Those specimens included biopsy tissue, ascites, and/or peripheral blood.
The initial challenge beyond use of ovarian and other cancer-specific markers was optimizing our assays to accommodate the various clinical specimens. First, we conducted extensive cell line related work where we tested the protein expression of various ovarian cancer cell markers across a variety of ovarian cancer cell lines and normal ovarian surface epithelium (see Figure   1 ) to generate a finalized list of lead biomarkers for use in our diagnostics panels. We had, by the time of grant submission, published work that analyzing biopsies was feasible [ref [2] [3] [4] . The goal now extended to ascites and peripheral blood with increasing sensitivity and specificity challenges, respectively. In the interim and in part under the auspices of current funding, we OVCAR3  OV-90  SKOV3  ES-2  OVCA429  A2780  UWB.289  CaOV3   UCI 101  UCI 107  TIOSE 6  TIOSE 4  Blood   1   20 Expression (a.u.)
Fig. 1:
Identification of robust biomarkers for the detection of ovarian cancers. Several cell lines were screened for expression levels of putative markers to identify combinations with the highest potential diagnostic accuracy. In the ongoing analyses of human specimens, we will employ a combination of the highest yielding markers.
have developed a novel nanotechnology assay that increases robustness of profiling while also allowing reuse of cells for further profiling. Moreover, we established this method (known as 'cleaving'; see Reference 1) on human ascites as proof-of-principle. This method will inform the approach we will apply to all ovarian cancer ascites and peripheral blood samples collected for this study. This also includes the goals of Task 2 since we will be able to achieve true integrated profiling as opposed to parallel analyses using aliquots from parent samples. The rate limiting step of the proposal, prospective collection, has been completed and as such the project is on track to test all proposed tasks.
KEY RESEARCH ACCOMPLISHMENTS:
• we have, for the first time, customized micro-nuclear magnetic resonance for a specific disease (in this, ovarian cancer) and have developed a novel method that allows for sensitive and robust detection in a manner that does not rely much on purification. While we await the diagnostic performance of the selected markers, it is clear -based on our recently published work -that our assay will be superior to the gold standard of flow cytometry with respects to profiling cells with minimal purification using smaller number of cells. A variety of amplification methods have been previously described; these include two-step methods (avidinÀbiotin, click chemistry 15, 16 ), DNA-templated amplification, 17 and supramolecular host chemistry. 18 On the basis of newer cycloaddition chemistries for rapid conjugation, we hypothesized that multiple steps of alternating orthogonal chemistries could be used as an alternative amplification method with higher sensitivity. Of particular interest are {4 þ 2} cycloaddition reactions, which are extremely fast and selective and for which a number of orthogonal reaction partners have already been described. 19, 20 Unlike DNA methods, these cycloadditions do not require sample heating (annealing) nor do they require sensitive polymerases or catalysts. Here, we describe the systematic exploration of one such method. Specifically, we investigated the effect of repeated rounds of orthogonal NP labeling on amplification (signal over noise) and the implementation of an additional cleavage modification that would confer synergistic improvements to the assay's performance. We show that this optimized labeling method significantly improves detection sensitivities of nuclear magnetic resonance (NMR)-based sensing (diagnostic magnetic resonance, DMR). Unlike conventional methods, such as flow cytometry, whose uses are often limited due to time-consuming sample purification and accompanying cell loss, this new labeling strategy allowed cancer cells to be detected and molecularly profiled in unpurified clinical samples. We expect that this new technique will have broad applications in future nanomaterial-based diagnostics.
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RESULTS
New Labeling Strategy for High Detection Sensitivity. Figure 1 summarizes the scheme of the developed labeling method. We hypothesized that the cellular loading of nanoagents, specifically magneto-fluorescent nanoparticles (MFNPs), could be maximized via the sequential application of MFNPs conjugated with orthogonal binding partners. Specifically, to form an initial MFNP layer, cellular targets were first labeled with antibodies modified with trans-cyclooctene (TCO) before being coupled with MFNPs derivatized with tetrazine (Tz). 15 This primary labeling can then be amplified through alternating applications of MFNP-TCO (Amplification 1; AMP1) and MFNP-Tz (AMP2) to form multiple MFNP layers. In addition to amplification, bound MFNPs could also be released from cells, collected, and resuspended in buffer prior to performing analytical measurements. In so doing, it is theoretically possible to confer improved detection sensitivity and reliability by (1) eliminating biological contaminants (e.g., cellular debris, components of extracellular matrix, nontargeted cells) and (2) reducing measurement artifacts caused by the sedimentation of labeled cells. In order to provide such functionality, the orthogonal reactants (TCO and Tz) were immobilized onto the MFNP surface through a cleavable linker (e.g., disulfide bond; see Materials and Methods for details).
Our first goal was to optimize both the NPs as well as the labeling protocols. Cancer cells (SK-OV-3, human ovarian carcinoma) overexpressing HER2 (human epidermal growth factor receptor 2; ∼1 Â 10 6 receptors per cell) were used as a model cell line. Anti-HER2 antibodies (trastuzumab) were first modified with TCO (HER2-TCO; with each antibody bearing ∼20 TCO 15 ).
Two types of orthogonal MFNPs were then prepared: one with Tz directly conjugated to the particles (MFNP-Tz) and the other with a polyethylene glycol (PEG) spacer between the particle and the orthogonal reactant (MFNP-PEG-Tz). The PEGylation was expected to minimize nonspecific MFNP binding to cells. Indeed, when SK-OV-3 cells (in the absence of the primary antibody labeling step) were incubated with MFNP-PEG-Tz, the background signal from nonspecific binding was significantly smaller (>20-fold) than that of MFNP-Tz (Figure 2A ). SK-OV-3 cells targeted with HER2-TCO followed by the application of either MFNP-Tz or MFNP-PEG-Tz showed similar dose-dependent responses ( Figure 2B ). With MFNP-PEG-Tz, however, the background signal remained significantly low ( Figure 2B ), which in turn increased the achievable signal-to-noise ratio (SNR; Figure 2C ). Note that keeping the background signal low is critical to the amplification strategy, as it prevents SNR degeneration during multiple rounds of MFNP-Tz/MFNP-TCO layering. Improved Robustness and Sensitivity through Cleavage. We next quantitated the effects of MFNP cleavage on detection sensitivity. Following primary cell labeling with HER2-TCO and MFNP-PEG-Tz, SK-OV-3 cells were further treated with MFNP-PEG-TCO (AMP1). Cell-bound MFNPs were then released by cleaving disulfide linkers (AMP1-C) and separated from cellular contents via ARTICLE centrifugation. The transverse relaxation rate (R 2 ) of samples was subsequently measured by DMR. The cell number matched comparison showed a significantly higher R 2 following the cleaving method ( Figure 3A ; >200% enhancement in SNR). The observed high R 2 is presumably due to an increase in particle size, as a result of interparticle clustering between MFNP-PEG-Tz and MFNP-PEG-TCO. It has previously been shown that clusters of small magnetic NPs are more efficient at accelerating NMR signal decay and thereby result in higher R 2 .
5,21À23 Further measurement of particle size by dynamic light scattering supported this hypothesis. The cleaved materials (AMP1-C) had a monodisperse hydrodynamic diameter of ∼100 nm, whereas the size of the original particle was ∼30 nm. Note that the effect of clustering is more pronounced in the AMP1-C stage as particles are free in suspension and thus able to further interact with surrounding water molecules. The higher R 2 and homogeneous dispersion of MFNPs in solution rendered the cleaving method more sensitive (>10 times) and robust than direct cellular detection ( Figure 3B ). When subsequently compared with conventional flow cytometry, the gold standard for cellular detection, the cleavebased DMR technique showed an excellent correlation (R 2 = 0.99), a finding that validated its analytical capacity ( Figure 3C ). Multiple Amplification Rounds Yield Higher SNRs. We next characterized the signal amplification strategy through multiple applications of MFNPs. Cancer cells (SK-BR-3), Figure 4A shows fluorescent micrographs of labeled cells, where the labeling and amplification steps were made distinguishable by conjugating different fluorescent dyes to the MFNPs. The images show excellent colocalization between these steps and thereby confirm that the layering indeed amplifies the primary target and not other cellular structures/processes. Equally important was the finding that the MFNP-cleaved cells display negligible fluorescent signals, suggesting that there is maximal MFNP release into suspension. The DMR assays were performed using MFNP samples that had been cleaved from SK-OV-3 cells after each labeling and amplification step. Successive increases in R 2 were observed with each round of amplification ( Figure 4B) ; there was likewise a corresponding improvement in detection sensitivities ( Figure 4C ).
Application to Clinical Samples. The overall goal of the study was to improve assay sensitivity and robustness in native clinical samples (e.g., fine needle aspirates, biopsies, ascites, blood, sputum), which are inherently complex in composition, as well as heterogeneous and variable in cell number. 24 We therefore tested our new method for cancer cell detection in malignant human ascites from patients with pancreatic cancer. Samples were split in two and underwent noncleaving (AMP1) and cleaving (AMP1-C) steps, respectively. For each set, samples were screened for EGFR (epidermal growth factor receptor), EpCAM (epithelial cell adhesion molecule), HER2, and MUC1 (mucin-1) biomarkers. The cleaving approach was found to produce superior results, revealing otherwise barely or undetectable markers (e.g., MUC1 and EpCAM; Figure 5A ). Integral to this method's successful detection of low levels of biomarkers is the preferential amplification of signals emanating from target rather than from background, which effectively maximizes the SNRs.
For this study, we tested both purified and nonpurified samples to reflect the clinical reality and clinical need, respectively. Purification in our study was achieved by negatively selecting CD45þ cells, which ARTICLE comprise ∼90% of the total cell concentration in the samples. Due to significant and inevitable cell losses (often >40% of the initial cell number), it is always advantageous to avoid or minimize sample purification steps, especially when dealing with complex clinical samples. In both purified and nonpurified specimens, MUC1 was labeled using noncleaving (AMP1) and cleaving (AMP1-C) techniques. DMR measurements of AMP1-C generated the least signal variation between the nonpurified and purified sets. Importantly, the nonpurified signal was ∼90% of the purified signal. Eliminating the cleaving steps (AMP1) reduced the nonpurified signal to 16% of the purified signal, as measured by DMR, and to 3% of the purified signal, as measured by flow cytometry ( Figure 5B ). In summary, the cleaving method enhanced detection in unaltered samples and thus obviated the need for purification steps. Flow cytometry, however, clearly benefits from the inclusion of a purification step when detecting and profiling scarce cells in heterogeneous biological samples such as human-derived specimens.
DISCUSSION
Utilizing the cycloaddition chemistry for signal amplification, we have developed a new NP-based diagnostic strategy for higher detection sensitivity and robustness. The method relies on (i) increasing the number of NPs bound to the target for signal amplification and (ii) cleavage of the NP from its target prior to measurement. Amplification is achieved by labeling with successive rounds of complementary TCO and Tz NPs. However, we found that this strategy only works well when background noise remains low. We achieved this by using PEG spacers on the NP surface to minimize nonspecific binding of the NP. The cleavage of NPs from labeled cells further increased the detection sensitivity by over an order of magnitude. This was likely as a result of (a) the MFNPs being surrounded by large numbers of water molecules, which could increase the R 2 ; and (b) cleaved MFNP-Tz and MFNP-TCO forming clusters, which could also increase the R 2 . In addition to enhancing sensitivity, the cleavage method also improves the detection reliability; the measurement is free from artifacts caused either by cell sedimentation or by the presence of clumps/extraneous matter often found in clinical samples. Finally, the cleavage method simplifies operation. Results are highly reproducible, and longitudinal samples do not have to be analyzed in real time (unless desired). Rather, measurements can be done at the investigator's convenience since, unlike labeled cells where variations can occur due to dissociation of the MFNPs from cells, cleaved MFNPs are stable and do not vary over time. Lastly, because the analytical measurement does not require the cells after the cleavage step, it is possible that rare cells could be relabeled for other biomarkers. For instance, samples could be first profiled for a less abundant marker (MFNP labeling and amplification followed by cleavage); the same sample then can be screened for more abundant markers using the same MFNP labeling and cleavage strategy. 17 
CONCLUSION
We envision a variety of applications for this technology. While originally developed and optimized for robust cellular analyses and measurements in ascitic fluid, we anticipate that this method could similarly be applied to fine needle aspirates, blood, biopsy specimens, sputum, and other biological sources. A particularly interesting application is the possibility of performing multiplexed measurements of rare cells such as circulating cancer cells, immune cell subpopulations, or ARTICLE stem cells. Finally, we envision that this novel method could be applied to other profiling methods and nanomaterials. For example, the method could be adapted to ELISA-based MFNP approaches to enable detection of soluble markers in blood or urine. In such assays, the soluble marker would be first captured on micrometer sized polystyrene beads or microtiter plates before undergoing an AMP2-C procedure to augment sensitivities. It is also possible that this method could be adapted to nonmagnetic NPs, that is, using particles detectable by light sensing 25 or by plasmon resonance techniques.
26À28
MATERIALS AND METHODS
Preparation of Cleavable PEGylated Tz and TCO Nanoparticles (NPs). Magneto-fluorescent nanoparticles (MFNPs) were synthesized by reacting cross-linked iron oxide (CLIO) NPs with aminereactive cyanine dyes (VT-680xl, Perkin-Elmer), as previously described. 15 The amino-MFNP contained approximately 62 primary amine groups and ∼7 VT-680 molecules conjugated to the surface. The hydrodynamic diameter was 27 nm, as determined by dynamic light scattering (Zetasizer 1000HS; Malvern Instruments), and the r 1 and r 2 relaxivities were 26.3 and 52.3 mM À1 s
À1
, respectively, at 40°C and 0.47 T (Minispec MQ20; Bruker). MFNP molar concentration was determined based on an estimated molecular mass of 447 000 Da (8000 Fe atoms per core crystal, 55.85 Da per Fe atom 29, 30 ). MFNPs with a polyethylene glycol (PEG) spacer between the particle and the orthogonal reactant were prepared in a threestep process. First, the MFNPs were reacted with 2000 molar equiv (relative to the MFNPs) of sulfosuccinimidyl 6-[3 0 (2-pyridyldithio)propionamido]hexanoate (sulfo-LC-SPDP, Thermo Scientific) in phosphate buffered saline (PBS) for 1.5 h at room temperature. Excess sulfo-LC-SPDP was removed using a 100 kDa ultracentrifugation unit (Amicon) and washed three times with PBS at 1800 rcf for 15 min. In the second step, 2000 molar equiv of thiol-PEG-amine (3.4 kDA, Creative Pegworks) relative to the MFNPs was reacted in PBS and aged overnight at 4°C on a shaker. Excess thiol-PEG-amine was removed using a 100 kDa ultracentrifugation unit (Amicon) and washed three times with PBS at 1800 rcf for 15 min. In the third step, amine-PEGterminated MFNPs were modified with either 2,5-dioxopyrrolidin-1-yl 5-(4-(1,2,4,5-tetrazin-3-yl)benzylamino)-5-oxopentanoate (Tz-NHS) or (E)-cyclooct-4-enyl 2,5-dioxopyrrolidin-1-yl carbonate (trans-cyclooctene N-hydroxysuccinimidyl ester; TCO-NHS), synthesized as previously reported. 31 This reaction was performed using 250 molar equiv of Tz-NHS or 2000 molar equiv of TCO-NHS (relative to the MFNPs) and proceeded in PBS containing 10% dimethylformamide (DMF) and 10 mM of sodium bicarbonate at room temperature for 4 h. Excess orthogonal reactant was first removed using a 100 kDA ultracentrifugation unit (Amicon), which concentrated the sample down to ∼0.25 mL for the final purification step using gel filtration (Sephadex G-50, GE Healthcare). For MFNPs conjugated to Tz without the PEG spacer, the first two steps were omitted (Figure 2) .
Preparation of TCO-Modified Antibodies. Monoclonal antibodies, trastuzumab (Genentech), Cetuximab (Bristo Myers Squibb), anti-EpCAM (clone 158206, R&D systems), and anti-MUC1 (clone M01102909, Fitzgerald Industries), were modified with TCO-NHS. If sodium azide was present, it was removed using a 2 mL Zeba desalting column (Thermo Fisher). The reaction was performed using 1000 molar equiv of TCO-NHS and 0.5 mg of antibody in PBS containing 10% (v/v) DMF and 10 mM sodium bicarbonate for 4 h at room temperature. Samples were then purified using Zeba columns, and the antibody concentration was determined by absorbance measurement (NanoDrop 1000 spectrophotometer, Thermo Scientific). On average, antibodies bore ∼15 TCO molecules. The TCO-modified antibodies retained their affinity as previously confirmed. 15 In addition, this conjugation can be further improved by directing the chemical modification to the FC portion of antibody (e.g., via oxidation of its glycosidic chains). 32 Nanoparticle Labeling. The human cancer cell lines SK-OV-3 and SK-BR-3 were obtained from ATCC and maintained in McCoy's 5A with 10% fetal bovine serum (FBS), 1% penicillin/ streptomycin, 3% sodium bicarbonate, and 1% L-glutamine.
Prior to experiments, cells were grown to ∼90% confluency, released using 0.05% trypsin/0.53 mM ethylenediaminetetraacetic acid (EDTA), and washed once with PBS containing 2% bovine serum albumin (PBSþ). Cells were then fixed with Lyse/Fix buffer (BD Biosciences 558049) for 10 min at 37°C and washed twice with PBSþ. The fixed cells were then either analyzed real-time or frozen down at À20°C for subsequent labeling. In the next step, cells were labeled with TCO-modified monoclonal antibodies (10 μg mL À1 ) in 0.15 mL of PBSþ for 30 min at room temperature; antibodies were omitted in control samples. Cells were washed once with PBS to remove the excess antibody. For the initial labeling with MFNPs, cells were resuspended in 0.4 mL of MFNP-PEG-Tz (40 μg Fe/mL) for 15 min at room temperature. The NP concentration was then determined by measuring the iron (Fe) content through absorbance, at a characteristic wavelength of 400 nm (NanoDrop 1000 spectrophotometer, Thermo Scientific) and with a known standard for calibration. For the initial amplification (AMP1), cells were washed once and resuspended in 0.4 mL of 40 μg Fe/mL MFNP-PEG-TCO (15 min, room temperature). Likewise, cells from the AMP1 step were washed once and resuspended in 0.4 mL of 40 μg Fe/mL of MFNP-PEG-Tz (15 min, room temperature) for the second amplification (AMP2). After the last round of labeling, cells were washed once with PBSþ and this was followed by a final wash with PBS. For the cleaving step, samples were mixed with dithiothreitol (DTT; 100 mM) and kept at 37°C for 15 min. Finally, cells were centrifuged down and the supernatant (containing the MFNPs) was removed for magnetic resonance measurements. The cleaved MFNPs in DTT (AMP1-C) had a monodisperse mean diameter of ∼100 nm (Malvern).
DMR Measurements. Magnetic resonance measurements were performed using the miniature NMR system developed for point-of-care diagnostics. 33 The system measures the transverse relaxation rate on 1À2 μL sample volumes, using CarrÀ PurcellÀMeiboomÀGill pulse sequences with the following parameters: echo time, 3 ms; repetition time, 4 s; number of 180°pulses per scan, 900; number of scans, 7. A detection threshold of ΔT 2 g 2.5% was used to rule out instrumental errors. 33 All measurements were performed in triplicate, and the data are presented as the mean ( standard error of the mean. The measured T 2 values were then converted to ΔR 2 þ (R 2 = 1/T 2 , ΔR 2 þ = R 2 sig À R 2 θ ), where R 2 sig and R 2 θ are the transverse relaxation rates for targeted and control samples, respectively. For the same cell concentration, the measured ΔR 2 þ value is proportional to the amount of MFNP loaded onto each cancer cell. 17, 24 A negative or zero signal signifies that there is no significant difference in DMR signal between biomarker labeled cells and nonspecific binding of MNP to cells within the detection limit. To determine the absolute number of biomarkers, polymer microspheres (Bangs Laboratories) with a known amount of binding sites can be used to create calibration curves to translate DMR levels to the number of biomarkers present.
Flow Cytometry. At the conclusion of the MFNP amplification step, but before the cleavage step, samples were measured for VT-680 fluorescence using an LSRII flow cytometer (Becton Dickinson). Mean fluorescence intensity (MFI) was determined using FlowJo software to quantitate the amount of NP present. Two standard deviations above the nonlabeled cell measurement was used as the lower limit of detection.
Microscopy. SK-BR-3 cells were magnetically labeled using the method described above. MFNPs with different fluorophores were employed: VT-680-MNP-PEG-Tz for labeling, FITC-MNP-PEG-TCO for AMP1, and RITC-MNP-PEG-Tz for AMP2.
ARTICLE
Samples were transferred to a 96-well plate at the end of labeling and again after the cleavage step. Images were acquired at 20Â with a DeltaVision screening system (Applied Precision Instruments), and images were analyzed using FIJI software (version 1.45).
Clinical Samples. Human clinical ascites from pancreatic cancer was profiled. To compare the cleaving and noncleaving methods, nonpurified samples were divided and screened for EGFR, EpCAM, HER2, and MUC1. For each marker, both AMP1 and AMP1-C were employed as described above. Marker expression levels were determined based on the ratio of positive marker (ΔR 2 þ ) and control (ΔR 2 θ = R 2 θ À R 2
PBS
). Purified clinical samples were prepared through CD45 negative selection using CD45 magnetic beads and LS columns (Miltenyi Biotec). Both purified and nonpurified samples were then targeted for MUC1, and their magnetic labeling was amplified via AMP1 and AMP1-C. Samples were analyzed using either DMR or flow cytometry, and the percent ratio of the nonpurified signal to the purified signal was determined ( Figure 5B ).
